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ABSTRACT
TRI-AXIS MODIFIED HELMHOLTZ COIL SYSTEM FOR MAGNETOMETER
CHARACTERIZATION AND CALIBRATION
Kristen Allen, M.S.
Department of Electrical Engineering
Northern Illinois University, 2015
Michael J. Haji-Sheikh, Director
In this thesis, the design of a tri-axis magnetometer characterization and calibration
system is realized through the use of three pairs of modified Helmholtz coils. These three pairs
of coils, with each pair separated by their shared diameter and placed along the three
orthogonal directions, will, when supplied with a current, produce a known magnetic field in
the surrounding environment that will serve to excite a magnetometer, a sensor that serves to
measure magnetic fields, placed at the center of the system.

Commercially available

magnetometers, the HMC5843 and HMC5883L, will be employed to test the functionality of the
coil system in determining the inherent error of these magnetometers and accounting for the
existence of hard and soft iron errors in the surrounding environment and to correct for these
errors whenever possible. The modeling, design, and operation of this coil test system will be
presented and detailed.
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CHAPTER 1
INTRODUCTION

Magnetometers have long found use in land, sea, and air crafts for
navigation purposes. However, with the advent of modern handheld electronics,
such as smartphones and tablets, these sensors have become an indispensable
part of modern life. They have found use in compass applications and when
used in conjunction with an accelerometer, also are required for many GPSrelated applications on these devices. The demand for these magnetometers
has increased greatly and with that, demand for increased resolution, less noise,
smaller footprint, and lower cost. And even before these parameters of interest
can be maximized or minimized for a given magnetometer design, the physics
that is utilized by the sensor must be considered. Some common technologies
include Lorentz Force, AMR (anisotropic magnetoresistive), GMR (giant
magnetoresistive), and Hall Effect sensors.
Needless to say, there currently exists great potential for new
development of these sensors. Ultimately however, the magnetometer design
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will be of no use in fulfilling its purpose if its readings contain magnetic distortion
from sources both internal and external to the sensor. The thin film fabrication
processing techniques can give rise to internal errors while the environment
surrounding the sensor gives rise to external errors, taking the form of soft and
hard iron.
In this thesis, a modified tri-axis Helmholtz coil system utilized with a
magnetometer seeks to allow for the characterization and then the calibration of
a given tri-axis magnetometer. The key points of the design are as follows: First,
with the proposed design, the sensor is not required to be rotated along the
yaw, pitch, and roll. Many tri-axis magnetometers cannot be tilted and still
report accurate magnetic field values unless the sensor is paired with an
accelerometer to accurately account for the tilt. Secondly, the proposed coil
system, with three pairs of coils along the three orthogonal directions and
separated by their shared diameter, should be capable of generating magnetic
fields in the x, y, and z axes simultaneously, and create a constant value of
magnetic field at the center of the system. There, the magnetometer, exposed
to this known constant field in all directions, should report a magnetic field value
that is constant regardless of the direction of orientation of the sensor. This will
show that external sources of magnetic distortion, both hard and soft iron, will
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have been canceled so that the performance of the sensor can then be evaluated
and tested. Finally, the coil system design should also allow for compensation of
internal sources of error in the given magnetometer. The end result will be the
ideal operation of the magnetometer.

Here, a commercially available

magnetometer will be used to assess this coil system.

CHAPTER 2
THEORY AND BACKGROUND

Magnetometers

Of the many factors that can affect the resistance of a material, one such
factor is magnetization – this has been dubbed the magnetoresistive effect. The
magnetoresistive effect can appear in metals, semi-metals, and non-metals,
although a particularly strong magnetic field would be required in the case of
non-metals. The magnetoresistive effect is thought to arise due to the Lorentz
force:

(

)

(1)

where the resultant force, F, is due to a charge, q, multiplied by the
vector cross product of the velocity vector of the charge, v, with the external
magnetic field vector, B. The physical consequence of the Lorentz force is that
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the path that a charge with a given velocity is traveling is modified due to this
force placed upon it. The magnitude of the velocity of the charge is not altered,
but the direction of travel is, which results in an increase of path length for the
charge to travel.

It is this increase in path length that gives rise to the

magnetoresistive effect by altering the resistance of the material in the process
[1]. Magnetometers that are of a micro-electro-mechanical system (MEMS)
construction with a mechanical structure designed to utilize this principal are
hence considered, Lorentz Force sensors.
For ferromagnetic transition metals however, it has long since been
known that there is another source of magnetoresistance, called the anisotropic
magnetoresistance effect.

This refers to the fact that these ferromagnetic

metals, such as nickel, iron and cobalt, can acquire a change in resistance that
varies depending on direction – hence the name “anisotropic” which is in
opposition to “isotropic”, used to describe something as being the same in all
directions. This variation in resistance is ultimately dependent on the direction
of the current vs. the magnetization vector in the material. It was Lord Kelvin in
1857 that first discovered this by noting that these ferromagnetic metals
demonstrated an increase in resistance when the current and magnetization
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vector were parallel to each other, and a decrease in resistance in the material
was observed when the two were perpendicular [1].
From an atomic point-of-view, this anisotropic magnetoresistance effect
is explained by spin-orbit coupling and an anisotropic scattering of s and d
electrons in ferromagnetic metals. The density of states for these materials will
show that the 3d- band extends above the Fermi level, while the 3d+ band is
entirely below the Fermi level.

Because of this, there is the possibility of

scattering of 4s- electrons to a not fully filled 3d- band, but this scattering is
unlikely to happen for the 4s+ to 3d+ band electrons. Not only that, but there
are different probabilities associated with the scattering of the s-d electrons that
happen to be traveling parallel to the magnetic field than those that are traveling
perpendicular to it. The chance of scattering is larger for the parallel electrons
[1], ultimately resulting in a larger longitudinal resistivity and resistance, in
agreement with Lord Kelvin’s findings.
Magnetometers developed that utilize these principles are called AMR
sensors, capable of measuring low field values and are commonly employed for
measuring magnetic fields in the range of nano-Tesla to micro-Tesla. The most
common material used in the construction of these sensors is permalloy – a
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nickel and iron alloy. These types of magnetic sensors were easily fabricated as
their development could be adapted from thin film processing technologies
already in use. It was discovered that thin film processing was very conducive to
the development of AMR sensors as thin ferromagnetic films have several
advantages over the bulk material. The thin film can be approximated to have
uniform magnetization with coherent rotation of the magnetization vectors as
the film can be approximated as a single magnetic domain with a single magnetic
vector [1]. Finally, AMR sensors measure the field that is in the same plane as
the sensor itself and due to the ferromagnetic materials, AMR sensors have a
non-linear input/output relationship [2].

However, steps can be taken to

produce a more linear or quasi-linear transfer characteristic, such as, connecting
four differential magnetoresistors into a bridge configuration [1].
GMR sensors, in comparison, are capable of measuring larger magnetic
fields than that of AMR sensors, from micro-Tesla to several Tesla. GMR sensors
not only produce larger output signals, they also require larger input signals for
their operation. The fabrication of GMR sensors differs from that of AMR
sensors in that GMR sensors are created by layering ferromagnetic thin films
with other non-magnetic materials. This results in a sandwiching of various
numbers of layers of varying materials with varying thicknesses. The method of
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operation involves the magnetic coupling that occurs between the magnetic
layers in the structure that may be magnetized parallel or antiparallel to each
other. Structures with antiparallel magnetization display greater resistances
than those with the parallel magnetization and as the scattering of electrons for
the antiparallel arrangement was found to be much larger than AMR, this
scattering is thought to be the source of the GMR effect [1]. Like AMR sensors,
GMR sensors measure the in-plane field and are, by default, non-linear devices
[2]. Unlike AMR sensors though, GMR sensors have only been in development
since 1988 and so their study is nowhere near as mature [1].
Finally, Hall Effect sensors utilize the phenomenon originally discovered
by Edwin Hall in 1879 [2]. He found that an applied magnetic field resulted in a
voltage perpendicular to the voltage applied to a thin film of metal [4]. The
range of magnetic field these sensors measure are from milli-Tesla to Tesla, a
slightly smaller range than that of GMR sensors [1]. Similar to Lorentz Force
sensors, Hall Effect sensors do not require ferromagnetic materials in their
construction, rely on the physical consequences of equation (1), and tend to be
linear in their operation [2].

And unlike AMR and GMR sensors, Hall Effect

sensors measure the field perpendicular to the placement of the sensor [2].
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This is by no means an exhaustive discussion of the various technologies
employed in the creation of magnetometers. Besides the sensor types already
mentioned,

magnetometers

have

also

been

created

using

Colossal

Magnetoresistance (CMR), InSb and InAs semiconductors, flux gate, fiber-optics,
magneto-transistor, SQUID, etc. [1]. Nor is this a discussion of the various
advantages or disadvantages of the different technologies; as the purpose of this
thesis is to design a system for evaluating the performance of magnetometers
rather than the magnetometer itself; the various pros and cons of these different
technologies in magnetometer development can be saved for another time. The
focus on Lorentz Force, AMR, GMR, and Hall Effect sensors in the above
discussion was due to the wealth of knowledge, widespread use, or emerging
promise of the technology. Finally, the commercial sensors used in the testing
the functionality of the coil system developed in this thesis, the
HMC5843/HMC5883L, happen to both employ AMR technology.
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Error Compensation

In the operation of any magnetometer, there are various sources of error
that must be identified and compensated whenever possible in order to obtain
the true magnetic field value from the sensor. These errors can be broken down
into two categories, external and internal sources of error. External sources of
error, error not inherent to the magnetometer itself, can be further subdivided
into soft and hard iron errors. Hard iron refers to material that once magnetized,
tends to not be easily demagnetized.

Soft iron, in comparison, refers to

materials that can be both easily magnetized and demagnetized. Each type of
material in the surrounding environment contributes to the error in the
measurement process in a different way.
The presence of soft iron in the environment of a magnetometer will be
made known by the fact that data taken from the magnetometer will form an
ellipsoid shape when magnetic field vs. angle of orientation of the sensor is
plotted [3]. If there is no soft iron in the presence of the magnetometer, the
ellipsoid collapses into a perfect sphere instead, meaning that the field value is
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constant, regardless of the angle of orientation of the sensor. On the other
hand, if the environment surrounding the magnetometer contains a source of
hard iron, the data from the magnetometer will be offset from the origin of the
x, y, and z axes or (0, 0, 0). This requires that a constant value, positive or
negative, be added to all measurements taken for each axis in a given
environment so that the center of the ellipsoid or sphere is located at the
intersection of the three axes [3].
For an AMR magnetometer, the internal source of error that will be
discussed and later explored is that which is inherent to the design.

One

method to obtain a more linear AMR sensor is to connect four magnetoresisters
together to form a whetstone bridge, as mentioned earlier. In an ideal bridge
circuit, the four resistors are assumed to be and are treated as identical. In
reality, this will never be the case, as the thin-film processing techniques will
never result in all the resistors being exposed to the exact same conditions
during deposition of magnetic material.

And so, the inherent differences

between the resistors and their resistance can and must be accounted for in the
interest of obtaining the most accurate data from the magnetometer.
Determining the offset value that results from these differences will be
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determined for the test magnetometer with the help of the designed coil system
in this thesis.

Helmholtz Coil

As the goal of this thesis is to create a setup for testing the functionality
of magnetometers, magnetic fields will need to be generated in the area
surrounding the magnetometer being tested.

It is a requirement that the

magnitude and direction of the generated magnetic fields must be known or
easily determined.

In addition, since the magnetometers to be tested are

capable of measuring the surrounding magnetic fields along the x, y, and z axes,
the system must be able to generate magnetic fields in these three directions
simultaneously.

These design requirements are fulfilled by the proposed

arrangement of three pairs of Helmholtz coils placed along the three orthogonal
directions. A pair of Helmholtz coils is defined by two coils placed in series.
These two coils have the same radius and current magnitude/direction and are
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separated by the value of their shared radius. However, when there are three
sets of coils all with the same coil radius and separated by that same coil radius
along the x, y, and z directions, intersection would need to occur between these
coils. Therefore, in the system ultimately derived and laid out below, the three
pairs are separated by their diameter. This will be referred to as a modified
Helmholtz coil system.
The Biot-Savart Law for calculating the magnetic field at a point along the
axis of a loop of wire is shown in equation 2 below:

(

(2)

)

In this equation, µ0 is the magnetic permeability of free space, I is the coil
current, R is the radius of the coil, and a is the distance between the coil and the
point at which the measurement is taken, which can be anywhere along the
coil’s axis. From this equation, an equation can be derived to calculate the
magnetic field for a pair of coils, Helmholtz coils. This is equation 3 below.
(
[

)
( ) ]

(3)
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Here the total current, I, is calculated from the current supplied to a coil and the
number of turns of wire for a coil, N. The coils are separated by a distance equal
to the radius of the coils, R. The point at which the measurement is taken, a, is
half of the radius, R/2. Finally, as these are two coils in series with the same
current direction, the magnetic fields generated by the two are additive and as
each coil is the same with respect to all the quantities of interest, the entire
equation describing one coil can be multiplied by two. Simplifying equation 3,
results in equation 4 below:

( )

(4)

Equation 4 can be used to calculate the magnetic field obtained from a pair of
true Helmholtz coils – where the coils are separated by their shared radius.
However, to account for the fact that each pair of coils will instead be separated
by their diameter rather than their radius for the reasons discussed above,
equation 5 is derived from equation 2 where a now represents half the diameter
of the coils or the radius, R.
(

)
( )

Simplifying this equation results in equation 6 below:

(5)
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( )

(6)

Equation 6 is the equation that ultimately describes each pair of coils in one
direction for the coil system designed within this thesis.

The magnetic field

generated by each pair of coils along their shared axis can be determined when
the number of turns, current, and radius are specified. Alternately, this equation
can be rearranged to solve for a different unknown; for example, it will be useful
to solve for the number of turns of wire needed to achieve a desired magnetic
field value.
It can be seen that the numerical constant in equation 6, describing what
will be referred to as the modified pair of Helmholtz coils, is smaller than the
constant that appears in equation 4, which describes the true pair of Helmholtz
coils. This is to be expected, as separating the coils by a larger distance and
measuring the magnetic field at a further point from the two sources generating
the field should reduce the measured field. The consequence of this fact will
require a greater number of wire turns or more current supplied to generate a
given field value in the modified coil system than would be required by the true
Helmholtz coil system.

CHAPTER 3
LITERATURE REVIEW

There are many calibration techniques that have been developed for
magnetometers utilizing different methods. An example of a physical method is
the swinging compass procedure, which has long found use in sea navigation.
This process requires that the magnetic field values be recorded using the ship’s
compass for the eight cardinal directions and these values are then compared
with reference values to obtain the offset in measurements [5]. Generally, this
method is two-dimensional and not very precise and so will not be suitable when
working with a three-axis magnetometer in this application.
For compensating the external hard and soft error sources, which once
again take the form of an ellipsoid shape rather than sphere that is offset from
the origin, numerical methods using matrices are commonly employed and are
considered to be the simpler and less accurate linear approach. More complex
non-linear approaches involve curve fitting in three dimensions [3]. In this
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thesis, it is sought to do away with this mathematical approach in compensating
for these errors.
Helmholtz coils have found use in compensating the internal biasing
errors of magnetometers. With regards to the tri-axis design, existing designs
tend to attempt to hold true to the requirement that the separation between
the coils be their shared radius, which again requires that the design allow for
the intersection and overlap of coils, making the realization of the actual system
more complex [6]. Here, the design to be explored keeps the coil system design
simple to realize by separating the coils by their diameter instead.

CHAPTER 4
PROCEDURE

Design of Helmholtz Coil Apparatus

Once it was determined that the test system for the magnetometers
would be of a modified Helmholtz design for all three axes, the specifics of the
design were laid out. Originally, the limiting factors of the design were to be that
a total magnetic field capable of being generated by the system was to be about
6 Gauss – as that was the limit of the range of one of the magnetometers to be
tested with the system. In addition, the current was originally limited to 5A and
was therefore the value used in the initial calculations. The reason for this was
to plan for the event in which there would be difficulties in obtaining six power
supplies with a higher current rating.

The physical coil system was to be

assembled using six aluminum bicycle rims with a diameter of 16.5 inches (radius
of 8.25 inches), each wrapped with 16 gauge insulated copper wire.
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Before continuing, vector relationship equations must be employed to
determine the required magnetic field that must be generated for each of the
three axes, such that the resultant magnetic field vector has a magnitude of
roughly 6 Gauss through the center of the system. A magnetic field vector of 3
Gauss along each of the x, y, and z axes will give a resultant vector magnitude of
5.20 Gauss through the center of the system.
Now, if equation 6 is employed and rearranged to solve for N, the
number of windings of copper wire needed for each of the bicycle rims can be
estimated given the requirement that for each pair, about 3 Gauss of magnetic
field be generated when 5A of current is supplied to each pair. This equation
predicts that roughly 28 windings are necessary for each of the six bicycle rim
coils.
In order to better visualize the magnetic fields predicted to be generated
by the entire tri-axis coil system, the software package COMSOL was used to
simulate the coil system design using the Magnetic Fields package. From within
the COMSOL model, the six aluminum rims, the current to be supplied to the
coils, the number of wrappings of copper wire, etc. could all be specified. The
final simulation results are shown in Figure 1 below.
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Figure 1:

COMSOL simulation results of modified 3-axes Helmholtz coil
design (view along x-axis and general 3D view).
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Similar to the calculated scenario, this simulation specified an 8.25 inch
radius for the coils, a current of 5A supplied to each pair of coils and 28
wrappings for each of the coils. It can be seen that at the very center of the
assembly about 5.5 Gauss is the predicted value of the magnetic field according
to the color legend. This does compare very closely with the vector magnitude
of 5.20 Gauss and direction through the center of the system that was calculated
above.
It should be noted that for this modified Helmholtz coil design, the
COMSOL model shows that the fields within the system are not as uniform as
what would be expected from the true Helmholtz coil design. It can be seen in
Figure 1 that there are various “hot spots” near adjacent coils that create an
overall less than uniform pattern of the magnetic field in the system. Regardless,
the center point of the system, where the magnetometer will be placed, shows a
“sweet spot” for the field which equation 6 can predict fairly accurately.
Using the results of the COMSOL simulation, the six bicycle rims were
hand wrapped with 28 turns of the copper wire with the goal of achieving the
roughly 6 Gauss of magnetic field at center of the physical assembly. Figure 2
shows the actual physical assembly of the coil system. The base of the assembly
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seen in this figure is also constructed of aluminum, chosen like the bicycle rims
for its non-magnetic properties and hence, not a source of magnetic distortion to
the system. Finally, the rod extending to the center of the system from a three
axis manipulator located to the left of the system is also aluminum and this is
where the magnetometer will be placed.

Figure 2:

Modified 3-axes Helmholtz coil design.
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Each coil was wrapped twice, with 28 turns going in the clockwise (CW)
direction and another 28 turns counterclockwise (CCW). For the three pairs of
coils for the x, y, and z direction, each wrapped in the clockwise and
counterclockwise direction, a total of six power supplies were needed for the
assembly. This setup is useful in the absence of switching power supplies,
because to otherwise switch the direction of the current, the leads would have
to manually be switched between the CW and CCW sets of wrappings and
checked each time for accuracy. Also, with two directions of wrappings, there
exists the possibility of running both sets of coils at the same time with different
currents supplied to the two sets, if an offset value of magnetic field needs to be
generated by the second set to adjust the overall magnetic field for the system.
When testing the experimental setup, 5A of current were supplied to the
counterclockwise set of windings from the three pairs of x, y, and z coils, all with
28 wraps of wire; the same as the COMSOL model conditions. A Gaussmeter,
shown to the left of the coil system in Figure 2, and a Hall probe were used to
measure the magnetic fields generated by this coil system.
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Figure 3:

Transverse Hall probe.

The Hall probe used was a transverse probe, a probe that measures the
field normal to the width of the flat rectangular probe in the red area at the tip
seen in Figure 3. The probe has negligible thickness and was constructed of a
flexible material. Therefore, the probe was encased in a clear plastic tube to
keep the probe relatively straight during measurements. The probe was held so
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that that width of the probe was perpendicular to the axis being measured at
any given time. The probe then had to be repositioned to measure the fields in
the x, y, and z axes, separately.

In addition, the flat probe, if flipped around to

its other side, will measure the negative of the value previously measured. In
order to not mix the signs of any measured values, a mark was placed on one
side of the probe and all measurements were taken with this mark facing out.
The negative of the value measured for the counterclockwise coils was
confirmed to also be measured if instead the clockwise coils were supplied with
current.

Magnetometer Chip

Two Honeywell chips, the HMC5843 and HMC5883L were considered for
use in testing the coil system. The HMC5843 chips were already available for use
and provided the opportunity to construct a hybrid circuit, while the HMC5883L
breakout boards were purchased fully assembled. These two chips were very
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similar in design and operation.

The HMC5883L was designed to be the

successor to the HMC5843 and boasted a few improvements, including a smaller
size, less connections, the ability to measure a larger range of fields, etc.
The HMC5843 chip was explored first. The chip itself has dimensions of
4mm x 4mm x 1mm with 20 pads, each with a width of 0.25mm (about 10 mils)
and spacing between the pads of 0.25mm. Using AutoCAD, a layout for the
design of a hybrid circuit was constructed. The design was simple, requiring only
that there be conducting traces from the chip pad to larger printed pads at the
edges of the alumina substrate for the purposes of making external connections
to the chip. An additional AutoCAD layer was specified for printing a dielectric
layer onto the substrate to function as a solder dam to prevent leeching of solder
applied to the conducting pads out to the traces. Figure 4 shows the final
AutoCAD layout. In order to increase the number of usable printed circuits
produced in the fewest number of printings, the layout was cascaded in a 3 x 4
matrix. Figure 5 shows the screens produced from the AutoCAD drawing and
used in the printing of the actual circuit. Finally, Figure 6 shows the completed
hybrid circuit with the HMC5843 chip soldered to the printed circuit.
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Figure 4:

Final AutoCAD drawing with the circuit cascaded in a 3 x 4 matrix.
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Figure 5:

Screens developed from the AutoCAD drawing, used in the
printing of the hybrid circuit.
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Figure 6:

HMC5843 as part of a hybrid circuit.

Ribbon cable was soldered to the outer pads of the hybrid circuit and the
required external resistor and capacitor components were connected across
pads as specified in [7]. The single supply configuration of [7] was used, which
specified that there be 10k ohm resistors connected between the 3.3 volt power
supply and the SDA and SCL lines. These connections were made external to the
hybrid circuit on a breadboard where the ribbon cable terminated and the
microcontroller was connected. In total, the single supply configuration required
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10 connections to be made to the hybrid circuit out of the 20 pins. Finally, the
chip substrate was attached to a larger substrate with RTV silicone along with
the beginning portion of the ribbon cable in order to reduce stress to the
individual connections. This fully wired circuit is shown in Figure 7:

Figure 7:

HMC5843 hybrid circuit with external connections.

Alternatively, the purchased HMC5883L breakout board in Figure 8
required no construction other than attaching headers to the board and ribbon
cable to those headers. This breakout board only required 4 connections, VCC,
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GND, SDA, and SCL. All resistors and capacitors necessary for correct operation
of the chip appear in SMT form on the breakout board.

Figure 8:

HMC5883L breakout board (front and back).

Interfacing with Arduino

A plastic bolt and aluminum clamp was attached to the end of the
aluminum rod extending from the three-axis manipulator to the center of the
system seen previously in Figure 2. The magnetometer was held in place to the
top of the plastic bolt with double-sided tape. Care was once again taken that
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the materials of the various components located within the coil system were not
ferromagnetic, whenever possible.
Wires soldered to the magnetometer were then fed outside of the coil
system to the Arduino Nano placed at the base of manipulator.

The

magnetometer is a slave device with a unique hardware address and must be
connected to a master that can supply the power, clock, collect the data, etc.
The Arduino was then connected by way of an USB to a computer which
ultimately supplied the power to the Arduino. It also ran the Arduino IDE with
code uploaded to the Nano that collected the magnetic fields data along the x, y,
and z axes and calculated the overall vector magnitude and angles, all displayed
in the on-screen serial monitor as seen in Figure 9.
The code is set to first alert the user if the connection to the
magnetometer by way of I2C communication has failed and why, or indicates
that the connection was successful.

Next, the field range setting for the

magnetometer that the user specified in the code is displayed. At this point, the
Arduino code fetches the data from the registers of the magnetometer and
displays the values directly read from its data registers. The data registers
actually contain bit counts from -2047 to 2048, that when paired with the
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gain/range setting used when taking the measurement, allows for conversion
into magnetic field values that is accomplished by the code. The code written for
the Arduino is included in the Appendix.

Figure 9:
Screenshot of the data obtained from the magnetometer in the
physical coil system for its initial test and formatted by the Arduino code.

Figure 9 also shows the results of testing the physical coil assembly and
magnetometer with the Arduino code when 5A of current was supplied to each
of the three pairs of coils. It can be seen that the x and y axis values are in
agreement with equation 6, which once again, predicts 3 Gauss of field under
these conditions. The discrepancy is mainly with the z axis measurement, as it
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showed the greatest variation from 3 Gauss, with roughly 2 Gauss of magnetic
field. And, it was this measurement that reduced the magnitude of the resultant
field to 4.748G. Recall that the mathematical prediction was 5.20 Gauss while
the COMSOL model predicted 5.5 Gauss.
The fact that the experimental model resulted in a total magnetic field
value significantly different from both the COMSOL model and the mathematical
calculations would be expected, as the latter two are considered more ideal or
simplistic than the real world situation in which the experimental model
operates. Real world conditions include the presence of Earth’s magnetic field
along with many other potential sources of stray magnetic fields – the
surrounding power supplies, computers, etc. in the lab are just a few examples.
Regardless, the COMSOL model and equation 6 were proven to be very good
predictors of the expected magnetic fields when determining the number of
wrappings for achieving a desired magnetic field, current supply, and coil size of
the physical system designed for this thesis.

CHAPTER 5
RESULTS AND DISCUSSION

Due to the fact that the manufactured HMC5883L breakout board was
much simpler than the HMC5843 hybrid circuit in that it required fewer
connections that were deemed to be more secure, this was the chip ultimately
employed for use in the coil system to collect the data presented in this section.
The overall testing assembly used is shown in Figure 10.
String can be seen being used in Figure 10 to provide an easy way to
locate the center of the system of coils for accurate placement of the
magnetometer, without affecting the operation of the coils. The Arduino Nano
is seen at the base of the system connected to the computer running the
Arduino IDE. Power supplies and the Gaussmeter are in the background.
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Figure 10:

Complete testing setup for HMC5883L.
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As discussed earlier, the design of the HMC5883L (and also the
HMC5843) measures the in-plane field and, as it is of a tri-axis design [7], [8], it
has the ability to measure along all three axes. This requires that there be three
magnetoresistive elements that are all orthogonal to each other within the chip.
In addition, as discussed earlier, these AMR sensors use a four resistor bridge
design to increase the sensor’s linearity. All of this means that the internal error
expected to result from this design appears in each of the three elements and
that the error is likely different in each one.
The modified Helmholtz coil design served to discover and account for
this error. To do this, the power supplies for the coil system were first turned
on, but the current/voltage values supplied to the coils from the power supply
were set to zero. The supplies must be on and set to zero rather than off initially
because the power supplies will generate stray magnetic fields in the area
around the test set-up. The Hall probe was used at this point to measure the
overall magnetic fields in the x, y, and z axes and these values recorded. This
value includes Earth’s magnetic field of course, in addition to the power supplies,
the Gaussmeter, computer, and everything else capable of generating
electromagnetic fields in the surrounding area.

Next, the power supplies
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connected to the coils were supplied a current that was chosen so that the
magnetic fields along the x, y, z axes were now measured to be zero.
Essentially, the Helmholtz coils generated magnetic fields along the three
orthogonal directions that served to cancel out the initial readings present along
those directions. When a reading from the magnetometer was obtained from
the center of the coil system, it did not read zero as the Gaussmeter did when
the Hall probe was placed at the center. This reading of magnetic field from the
magnetometer can be viewed as the inherent error in the sensor. In addition,
these values are expected to be different for the three bridges for the x, y, and z
axes, and are the offset values, whether positive or negative, that should be
added to all measurements taken by the sensor. This error compensation need
only be done once for the sensor as the inherent error does not change over the
life of the sensor. But of course, this error would be different for every sensor
and therefore this procedure must be repeated and new offsets accounted for in
the Arduino code when a new sensor is used.
Once it was determined that a non-zero value was read when the coil
system created a zero field at the center of the system, this value was called the
uncompensated measurement. For the HMC5883L tested with the system, all x,
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y, and z readings at this point were negative. Therefore, these specific values
with a positive sign were stored as constants in the Arduino code and
calculations were performed there to add these values to every measurement
taken by the magnetometer and to display this value as the compensated
measurement. In Figure 11 below, a screenshot of the serial monitor running in
the Arduino IDE shows that the inherent error of the tested magnetometer was
able to be compensated for and the adjusted measurements were more in
agreement with the Gaussmeter.

Figure 11:

Screenshot of the data obtained from the magnetometer and
formatted by the Arduino code.

40

Once the magnetometer was compensated with respect to its internal
biasing error, the coil system was tested with regards to its ability to cancel the
external hard and soft iron sources in the surrounding environment without the
need to apply numerical methods to do so. One set of coils was supplied with
the same current value in the x, y, and z axes. The sensor at the center of the
system was then rotated a full 360 degrees in the x-y plane. An add-on to Excel
called PLX-DAQ was used to collect the data from the serial port and
automatically enter the data into the cells of Excel instead of using the Arduino
serial monitor. This allowed for the collected data to be graphed in Excel as it
was placed into the cells of the program. Matlab is another option for collecting
real-time data from the serial port.
Figure 12 shows the Excel plots generated from this data collection. The
three plots represent the data distribution in the x-y, y-z, and x-z planes. The x-z
plane shows the ideal circular data distribution where the magnetic field
measurement is the same for all angle of measurements. In addition, both x and
z axes have their data centered at the origin. These are the conditions required
to have successfully compensated for both hard and soft iron sources. For the xy and y-z planes however, magnetic distortion is visible in the y-axis that affects
the overall distribution of data in the plane. Unlike the results seen for the x and
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z axes, the data collected for the y-axis exhibits a narrow range of values that are
offset from being centered at the origin. A second HMC5883L sensor was tested
with the same results to ensure that the issue was not with the y-axis
magnetoresistive element itself from within the chip. Therefore, this magnetic
distortion comes from the environment surrounding the sensor.

Potential

sources of this distortion could be AC related, as AC effects on the coil system
were not fully considered or explored in this thesis, some nearby piece(s) of
equipment, or the coil assembly itself.
The magnetic fields generated by the modified Helmholtz coil System
were originally chosen so that they would be around the maximum capable
values of being read by the HMC5843, the first magnetometer considered for
use in the coil system. Ultimately, the HMC5883L was used in the final testing of
the coil system and this magnetometer possesses a greater range of magnetic
field measuring ability, up to +/- 8 Gauss. However, the original design only
allowed for 5A of current, and in the end, six power supplies capable of
supplying 10A each were obtained for use with the system. Using twice the
current and the same number of 28 wraps per coil with equation 6 reveals that
double the magnetic field, or over 10 Gauss of field, could be obtained with this
system - well over the operating range of the HMC5883L.
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Figure 12:

Magnetic fields vs angle of orientation for HMC5883L (x-y plane,
y-z plane, and x-z plane views).

CHAPTER 6
FUTURE WORK

First and foremost, the source(s) of magnetic distortion present in the yaxis should be determined and removed so that the x-y and y-z plane data
distributions fill out in the ideal circular distribution similar to the x-z plane
results already obtained.

There are several steps that could be taken to

accomplish this end. For example, the system could be moved from its current
surroundings to a more open area that would be expected to have less potential
sources of magnetic field. It has also been noted that the three-axis manipulator
that serves to hold the magnetometer in the center of the system is located just
outside the coil placed in the negative y axis. It would be worthwhile to remove
this from the system, construct an alternative, non-metallic structure to hold the
magnetometer in place at the center of the system and see if the y-axis data is
affected by the removal of that metal structure.
There are also a few areas upon which improvements or enhancements
could be made to the current system.

First, work has already begun in
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automating the overall test system so that the current/voltage supplied to each
of the six coils by the three power supplies could be viewed and adjusted all
through LabVIEW’s interface along with the Gaussmeter. So far, each of the
three power supplies has been represented in LabVIEW.

Further

troubleshooting must be done to ensure that the power supplies and LabVIEW
work together without issue.

Currently, only one power supply can

communicate with LabVIEW at a time. The Gaussmeter should also be capable
of communicating with LabVIEW; however, that communication has not yet
proven successful.
When completed, LabVIEW should allow the power supplies to be easily
adjusted from within the program rather than manually. This would be a useful
improvement to the system in regards to improving its ease of use. Currently,
the manual adjustment of each of the power supplies requires that the user
know which of the six channels across the three power supplies is connected to
each of the three pairs of coils, and then which are connected in the
clockwise/counterclockwise orientation. The possibility of user error in this case
is high if one is not meticulous about keeping track and double checking that the
correct channels are turned on/off and adjusted to the same desired
current/voltage settings whenever changes are made.

The ability for the
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Gaussmeter to also be controlled through LabVIEW will allow that all these
external components be centralized, allowing for easy selection, adjustment and
viewing the status of operation.
One other useful improvement to be made is a simple one concerning
the flexible transverse Hall probe used for taking measurements of the results
detailed in this thesis. This probe was, once again, encased in a plastic tube that
served to keep the probe relatively upright and steady while taking
measurements. However, it was observed that small movements of the flexible
material of the probe from within the tube were still possible. Due to the highly
sensitive nature of the probe, it was observed that these small movements did
affect the magnetic field value reported by the Gaussmeter. A method of
keeping the probe completely straight should be devised in order to increase the
precision of multiple measurements taken at the same point within the coil
system.
Finally, this coil system could be explored for purposes beyond that for
which it was originally created. In order to increase the flexibility of use for this
system, the code should first be made more flexible. Currently, the Arduino
code takes into account many aspects of the magnetometers’ operation,
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including the offset calculation of a sensor, setting the configuration and mode
registers for data output rate, gain, averaging of measurements, etc. In addition,
error checking of several parameters is performed, such as verifying the
successful connection between the Arduino and magnetometer and informing
the user if the magnetic field being measured is out of the current range setting
of the magnetometer. However, in its current form, all this is done through a
single all-inclusive file that could also be considered unwieldy if another user
attempts to modify the code for other purposes. Sectioning off the portions of
the code devoted to the essential error checking and register initializations of
the magnetometer into libraries would allow any user to easily write code for
the HMC5883L/HMC5843 for any desired task and simply include these setup
routines the code.
Another issue with the existing code framework is that the user must
currently adjust the gain of the sensor in the Arduino code itself before running
the code and must also find the pertinent line from within the code to do so. If
the user could instead input the desired gain from a prompt after the code has
already started running, this would eliminate the possibility of the user
forgetting to set the desired gain setting beforehand and the need to terminate
the program, make the adjustment, and then re-upload the code to the Arduino.
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Besides making the code more flexible, this system could be explored for
other uses by including other components.

This system allowed for the

correction of error relating to the magnetometer operation without requiring
any tilting of the sensor in the process; therefore, no accelerometer was needed
to be used in conjunction with its operation. However, with the inclusion of an
accelerometer, the magnetometer could then be used to serve the purpose as a
compass, for example.

CHAPTER 7
CONCLUSIONS

In Chapter 2, information relevant to this thesis was presented, including
some of the most common sensor methods for detection of magnetic fields
along with a discussion of sources of magnetic distortion that can affect the
readings of these sensors. Equations were derived from the Biot-Savart Law for
a current carrying loop to represent the magnetic field generated at the center
point along the axis of two coils separated by their shared radius, each with the
same current magnitude and direction; this pair of coils is known as Helmholtz
coils. Then, a new equation was derived to predict the magnetic field that would
be generated if the pair of coils was instead separated by their shared diameter.
In Chapter 3, existing methods of magnetometer calibration were
presented and compared with the method outlined in this thesis. Numerical
methods, relatively simple to complex, are a common method of compensating
for hard and soft iron errors. When compared with other tri-axis Helmholtz coils,
the system presented here sought to simplify the design and study the results if
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the coils were separated by their shared diameter to create a “modified”
Helmholtz coil system.
In Chapter 4, the construction of the coil system was outlined, from the
initial COMSOL model to the physical assembly. The COMSOL model provided a
visual of the magnetic fields to be expected in the system. It was seen that the
modified Helmholtz coil design produced a less uniform distribution of magnetic
fields than what would be expected of the true Helmholtz coil design.
Regardless, the most important point was that there existed a “sweet spot” in
the center of the system where a constant field could be expected and where
the magnetometer was to be placed. The initial test of the system, using the
HMC5883L magnetometer wired to an Arduino Nano that served to provide data
collection and formatting through the serial monitor of a PC, showed that
magnetic field values obtained were comparable to those predicted by the
equations and COMSOL model with allowances for the less than ideal real-world
conditions.
In Chapter 5, the results of using the coil system for the purpose of error
compensation were presented. The coil system was first used in conjunction
with a Gaussmeter to determine the inherent error in the magnetometer’s
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measurements that could then be compensated for in the Arduino code; the end
result being that the Gaussmeter and magnetometer readings were in
agreement. External sources of magnetic distortion that resulted in less than
ideal operation of the sensor were addressed next. When the coil system was
used to generate roughly the same magnetic field in the x, y, and z axes, the x
and z axes were confirmed to display data distributions characteristic of the ideal
operation of the sensor, that is, constant magnetic field regardless of angle of
orientation or a circular plot of data for a two dimensional plane that was
centered at the origin. The y-axis however, was seen to be offset from the origin
and a data distribution with a very narrow range of values was produced instead,
hinting at a strong source(s) of magnetic distortion present in the surrounding
environment along this axis.
Finally, in Chapter 6, future work was contemplated. Most importantly,
obtaining data distributions without the magnetic distortion found only in the yaxis are desired. Various measures that can be taken towards determining the
source(s) of the distortion were discussed. Other minor enhancements include
improving the user-friendliness of the system by automating the control of the
power supplies and Gaussmeter through LabVIEW and improving the precision
of the Hall probe readings by preventing the flexing of the probe. Ways to
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increase the flexibility of the system through more dynamic code and additional
components were a final consideration.
Ultimately, as magnetometers are becoming increasingly commonplace
with their inclusion in many consumer handheld devices used on a daily basis,
the development of new sensors that have a smaller footprint, less power
consumption, higher resolution, etc. is an area of increasing importance. The
ability to successfully calibrate these sensors so that their operation can be
evaluated free from magnetic distortion is an integral part of their development.
The functionally of the modified tri-axis Helmholtz coil system described
in this thesis and developed for the general purpose of characterizing and
calibrating a given magnetometer was proven. In this case, a commercial sensor
was used to prove that the coil system operates as expected. Moreover, now
that the correct operation of the coil system has been confirmed, an
experimental thin film magnetoresistive sensor developed in lab could also be
used within this system to test its operation. Herein lies the potential and
ultimate usefulness of this system.
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APPENDIX
ARDUINO CODE
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/*
This code is designed to collect data from a Honeywell
Magnetometer (models HMC4853/HMC4883L). The serial monitor
displays the bit counts from the x, y, and z axes read from
the data registers of the magnetometer and converts those counts
into a magnetic field value. Since the magnetometer possesses
inherent error, this error was found and added to the result to create
the compensated magnetic field measurement. Finally, these compensated
values were used to calculate the overall vector info. The magnetometer
is setup to continuously get magnetic field data for the Arduino to read.
In order for this code to accomplish its purpose, a HMC4853 or
HMC5883L magnetometer must be wired to the Arduino:
-HMC5883L breakout board requires only connections to 4 pins:
3v3, GND, and A4 and A5, used for I2C data and clock pins,
respectively.
-HMC5843 hybrid circuit requires external components: see datasheet for
required capacitors, resistors, and relevant pins of the sensor to make
connections. Arduino once again requires the use of the 3v3, GND, A4 and
A5 pins.
*Note: the magnetometer should always remain parallel to the ground
and never tilted when taking measurements unless an accelerometer is
used in conjunction. Otherwise, the vector values read cannot be
considered accurate
Developed by Kristen Allen, 2014
*/

#include <Wire.h>
//library used for interfacing with I2C devices - the communication
protocol of these magnetometers
#define magAdd 0x1E
//link the address of the HMC5843/HMC5883L to a variable - Wire
library specifies that only the fixed 7-bit address be used, the Arduino syntax will specify send/recieve
commands, not the 8-bit address of the magnetometer
int TransmResult;
float FieldRan;
byte Xmsb;
byte Xlsb;
byte Ymsb;
byte Ylsb;
byte Zmsb;
byte Zlsb;
int x;
int y;
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int z;
int gain;
/////////////////////////////////////////////////////////////////////////////////////////////////

void setup(){
Serial.begin(9600);
//choose data rate for serial communication, must match the value in serial
monitor
delay(100);
//allows for start-up time required for the magnetometer, default data rate of
15Hz (can be changed in proper config reg) requires at least a delay of 67ms
Wire.begin();
//connect to the I2C bus
Wire.beginTransmission(magAdd);
//specify slave device to communicate with - the magnetometer
TransmResult = (Wire.endTransmission()); //an integer value is returned by the endTransmission
command, save that value into a variable
checkConn();
//call function to check that connection was successfully established
between Arduino and magnetometer
continMeas();
//call function to change default single measurement configuration into
continuous data measurement
numMeas();
//call function to set magnetometer to avg 8 measurements before one is
collected by Arduino
setRange();
//call function to specify gain of chip and range of magnetic fields that can be
measured
Serial.println("CLEARDATA");
//these lines only for printing/graphing data in Excel using PLX-DAQ
add-on, keep commented unless for this purpose
Serial.println("LABEL,Time,x uncompensated (G),y uncompensated (G),z uncompensated (G),x
compensated (G),y compensated (G),z compensated (G),Overall Field (G),Theta (degrees),Phi (degrees)");
delay(100);
}
void loop(){
if (TransmResult == 0){
getData();
//call function that acquires magnetometer data only if the connection to the
magnetometer was successful in setup function
formatData();
delay(500);
//get next set after delay - once again, must be at least 67ms for default rate of
15Hz
}
else{
//else do nothing
}
}
/////////////////////////////////////////////////////////////////////////////////////////////////
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void checkConn(){
//Wire lib/I2C returns an integer corresponding to whether or not the
connection/transmission of data to the slave (magnetometer) was successful - print out corresponding
meaning of integer for user
if (TransmResult == 0) {
Serial.println("Connection with magnetometer successfully established!");
}
else if(TransmResult == 1 ){
Serial.println("Data too long for transmit buffer");
}
else if(TransmResult == 2 ){
Serial.println("NACK on transmit of address - check connections");
}
else if(TransmResult == 3 ){
Serial.println("NACK on transmit of data - check connections");
}
else{
Serial.println("Other Error...");
}
}
void continMeas(){
Wire.beginTransmission(magAdd);
Wire.write(0x02);
//by default the magnetometer is set to collect one data measurement at a
time, input code for continuous data collection into setup register - see data sheet for HMC58(43)/(83L)
Wire.write(0x00);
Wire.endTransmission();
}
void numMeas(){
Wire.beginTransmission(magAdd);
Wire.write(0x00);
//by default the magnetometer is set to collect and print one measurement
at a time, adjust so that 8 samples are averaged before printing out one measurement
Wire.write(0x70);
Wire.endTransmission();
}
void setRange(){
//depending on the field range expected to be measured, the gain of the magnetometer can be adjusted in
the configuration B (0x01) register
//user should adjust input range of field to be measured below (choices include +/- 0.88, 1.3, 1.9, 2.5, 4.0,
4.7, 5.6, 8.1 Gauss):
//enter value exactly as it appears above!
FieldRan = 5.6;
if (TransmResult == 0) {
Serial.print("Device being configured for a recommended field range of +/- ");
Serial.print(FieldRan);
Serial.println("G");
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Wire.beginTransmission(magAdd);
Wire.write(0x01);
//address of configuration register B
if (FieldRan == 0.88){
Wire.write(0x00);
gain = 1370;
}
else if (FieldRan == 1.3){
Wire.write(0x20);
gain = 1090;
}
else if (FieldRan == 1.9){
Wire.write(0x40);
gain = 820;
}
else if (FieldRan == 2.5){
Wire.write(0x60);
gain = 660;
}
else if (FieldRan == 4.0){
Wire.write(0x80);
gain = 440;
}
else if (FieldRan == 4.7){
Wire.write(0xA0);
gain = 390;
}
else if (FieldRan == 5.6){
Wire.write(0xC0);
gain = 330;
}
else if (FieldRan == 8.1){
Wire.write(0xE0);
gain = 230;
}
else {
Serial.println("A valid range value has not been supplied");
}
Wire.endTransmission();
}
else {
}

//do nothing

}
void getData(){
Wire.beginTransmission(magAdd);
Wire.write(0x03);
//Move address pointer for the magnetometer to register 03 - the first of 6
registers (03-09) that hold the magnetic field data (high and low byte of x, y, and z magnetic fields) - see
data sheet
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Wire.endTransmission();
Wire.requestFrom(magAdd, 6);

//request the 6 bytes of data from those 6 registers

while (Wire.available() == 6){
//When the arduino returns that all 6 bytes of data available to read for
one measurement, run this loop
Xmsb = Wire.read();
//This is the order of the 6 registers for the magnetometer which holds the
field data - and always the order data is read from it
Xlsb = Wire.read();
Ymsb = Wire.read();
Ylsb = Wire.read();
Zmsb = Wire.read();
Zlsb = Wire.read();
x = word(Xmsb,Xlsb);
y = word(Ymsb,Ylsb);
z = word(Zmsb,Zlsb);

// combine the msb and lsb into one overall value for each unit direction

}
}
//This function holds the equations used in converting the individual axis measurements into the vector
values
void formatData(){
double xMagVal = 0;
double yMagVal = 0;
double zMagVal = 0;
double VecM = 0;
double Theta = 0;
double Phi = 0;
double xOffset = -0.254;
for testing
double yOffset = -0.262;
double zOffset = -0.055;

//inherent error in the 3-axis magnetometer - applies to only the one used

double xComp = 0;
double yComp = 0;
double zComp = 0;
xMagVal = (double) x/gain;
//data sheet specifies that the data outputted to the registers are bit
counts that are converted to magnetic field values when the gain (set by config reg B/0x01 above) is taken
into account -display value in milliGauss
yMagVal = (double) y/gain;
zMagVal = (double) z/gain;
xComp = xOffset + xMagVal;
yComp = yOffset + yMagVal;
zComp = zOffset + zMagVal;
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VecM = sqrt(pow(xComp, 2) + pow(yComp, 2) + pow(zComp, 2)); //determine the magnetic field vector
magnitude from the x, y, and z axis values
Theta = atan2(yComp,xComp);
//calculate vector angles, note that x & y should be temporarily
assigned as double for this division operation
Phi = acos(zComp/VecM);
if (x != -4096 && y != -4096 && z != -4096){
//-4096 means that an under/overflow has
occurred per magnetometer datasheet
Serial.println("Printing Acquired Data of One Measurement");
Serial.print("X counts: ");
//print acquired data out to serial monitor in
BIN/DEC/HEX
Serial.println(x, DEC);
//by default, the magnetometers report magnetic field
data in Gauss, since the test setup is equipped with a Gaussmeter, the data read from the chip will be
reported in Gauss also rather than converting to another set of units, such as Tesla
Serial.print("X uncompensated (G): ");
//the data printed out here includes the bit counts
directly pulled from the data registers of the magnetometer, the conversion from bit counts to field value,
both uncompensated and compensated (error in chip/offset taken into account) for each axis - comment
out any unnecessary data before running program
Serial.println(xMagVal, 3);
Serial.print("X compensated (G): ");
Serial.println(xComp, 3);
Serial.println("");
Serial.print("Y counts: ");
Serial.println(y, DEC);
Serial.print("Y uncompensated (G): ");
Serial.println(yMagVal, 3);
Serial.print("Y compensated (G): ");
Serial.println(yComp, 3);
Serial.println("");
Serial.print("Z counts: ");
Serial.println(z, DEC);
Serial.print("Z uncompensated (G): ");
Serial.println(zMagVal, 3);
Serial.print("Z compensated (G): ");
Serial.println(zComp, 3);
Serial.println("");
Serial.print("Magnetic Field Vector Magnitude (G): ");
measurement
Serial.println(VecM, 3);
//Serial.print("Theta (radians): ");
//Serial.println(Theta);
Serial.print("Theta (degrees): ");
Serial.println(Theta*180/3.14);
//Serial.print("Phi (radians): ");
//Serial.println(Phi);
Serial.print("Phi (degrees): ");
Serial.println(Phi*180/3.14);
Serial.println("");

//print out calculated vector info for each
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Serial.print("DATA,TIME,");Serial.print(xMagVal, 3);Serial.print(",");Serial.print(yMagVal,
3);Serial.print(",");Serial.print(zMagVal, 3); //these lines only for printing/graphing data in Excel using
PLX-DAQ add-on, keep commented unless for this purpose
Serial.print(",");Serial.print(xComp, 3);Serial.print(",");Serial.print(yComp,
3);Serial.print(",");Serial.print(zComp, 3);
Serial.print(",");Serial.print(VecM,
3);Serial.print(",");Serial.print(Theta*180/3.14);Serial.print(",");Serial.println(Phi*180/3.14);
}
else {
Serial.println("One or more data registers have experienced an overflow, remove possible sources of field
to retake measurement");
}
}
void readRanReg(){
int regVal = 0;
Wire.beginTransmission(magAdd);
Wire.write(0x00);
//supply register # to be read here - non data regs include
0x00(config A), 01(config B), 02 (mode)...09(status), 0A(IDa), 0B(IDb), 0C(IDc)
Wire.endTransmission();
Wire.requestFrom(magAdd, 1);
if (Wire.available() == 1){
regVal = Wire.read();
delay(100);
Serial.print("The read register contains: ");
Serial.println(regVal, BIN);
}
}

